Endothelial cells (ECs) express fibroblast growth factor receptors (FGFRs) and are exquisitely sensitive to FGF signals. However, whether the EC or another vascular cell type requires FGF signaling during development, homeostasis, and response to injury is not known. Here, we show that Flk1-Cre or Tie2-Cre mediated deletion of FGFR1 and FGFR2 (Fgfr1/2
Endothelial cells (ECs) express fibroblast growth factor receptors (FGFRs) and are exquisitely sensitive to FGF signals. However, whether the EC or another vascular cell type requires FGF signaling during development, homeostasis, and response to injury is not known. Here, we show that Flk1-Cre or Tie2-Cre mediated deletion of FGFR1 and FGFR2 (Fgfr1/2
Flk1-Cre or Fgfr1/ 2 Tie2-Cre mice), which results in deletion in endothelial and hematopoietic cells, is compatible with normal embryonic development. As adults, Fgfr1/2
Flk1-Cre mice maintain normal blood pressure and vascular reactivity and integrity under homeostatic conditions. However, neovascularization after skin or eye injury was significantly impaired in both Fgfr1/2
Flk1-Cre and Fgfr1/2
Tie2-Cre mice, independent of either hematopoietic cell loss of FGFR1/2 or vascular endothelial growth factor receptor 2 (Vegfr2) haploinsufficiency. Also, impaired neovascularization was associated with delayed cutaneous wound healing. These findings reveal a key requirement for cell-autonomous EC FGFR signaling in injuryinduced angiogenesis, but not for vascular homeostasis, identifying the EC FGFR signaling pathway as a target for diseases associated with aberrant vascular proliferation, such as age-related macular degeneration, and for modulating wound healing without the potential toxicity associated with direct manipulation of systemic FGF or VEGF activity.
choroidal neovascularization | oxygen-induced retinopathy | retinopathy of prematurity | neoangiogenesis N eovascularization is critical for tissue repair and pathological conditions, including aberrant ocular angiogenesis and cancer (1) (2) (3) (4) . Although FGF signaling has been prominently implicated in these processes based on genetic inactivation experiments in mice and in vitro studies, the functional in vivo requirement of this pathway in the endothelial cell (EC) vs. other vascular cell types is not known (5) (6) (7) (8) .
The FGF family is composed of 18 signaling ligands, which interact with four cell surface tyrosine kinase receptors. FGF receptor (FGFR) signaling regulates many biological processes, including survival, differentiation, proliferation, and angiogenesis through the activation of RAS-RAF-MAPK, PI3K, STAT, and PLC gamma pathways (6, 9) . The EC response to FGF signals is well described in in vitro models of angiogenesis (10, 11) . Moreover, previous gene expression analysis showed that Fgfr1 and Fgfr2 were the predominant Fgfrs in ECs (5), whereas Fgfr3 was sparsely detected (12, 13) and Fgfr4 expression was not reported (8) . To this end, and given the critical role of FGFRs 1 and 2 during embryonic development, we tested the hypothesis that EC FGFR1/2 may play a key role during vascular development, homeostasis, and response to injury.
Studies aimed at understanding the functional requirement of vascular FGF signaling have demonstrated a critical role in homeostasis and angiogenesis (14) (15) (16) . In these studies, in vivo expression of an adenoviral-based soluble FGF trap (sFGFR) or a dominant inhibitor of all FGFRs (FGFR1DN) was used to disrupt FGF signaling in the vasculature. These studies showed that vascular FGF signaling was required to maintain vascular integrity. Although important insights were gained, whether FGF signaling was required specifically in the EC vs. in another vascular cell type was not determined. These studies also did not address whether EC FGF signaling is required during embryonic development, postnatal vascular homeostasis, or in various injury settings.
It is becoming increasingly clear that the FGFR pathway interacts with other receptor tyrosine kinases, such as VEGFR2 (Flk1), to regulate normal physiological and pathological processes (8, 15, 17) . Recently, Murakami et al. (15) showed that ECs lacking FGF signaling become nonresponsive to VEGF-VEGFR2 signaling, suggesting that the FGF pathway is upstream of VEGF signaling. However, because other studies imply otherwise (10, 18) , and both pathways are often being targeted simultaneously in diseases with deregulated angiogenesis (8) , additional analyses are needed to clarify these conflicting conclusions.
By using engineered mice deficient in Fgfr1 and Fgfr2 in cells of both endothelial and hematopoietic lineages we demonstrate a functional in vivo requirement for cell-autonomous FGFR1/2 signaling in ECs during injury response and pathologic neovascularization. Surprisingly, our data also suggests that EC (and Significance FGF receptor (FGFR) signaling is thought to be essential for vascular development, homeostasis, and pathological angiogenesis. However, the in vivo requirements and the cellular targets of FGF in the vasculature are not known. Here, we show that endothelial FGFR1 and FGFR2 are not required for vascular homeostasis or physiological functions and are likely not required for embryonic development. However, endothelial FGFR1 and FGFR2 are essential for neovascularization after skin or eye injury or following retinal ischemia. These findings reveal a key requirement for cell-autonomous endothelial FGFR signaling in tissue repair and neovascularization following injury and validate the endothelial cell FGFR as a target for diseases associated with aberrant vascular proliferation such as age-related macular degeneration, diabetic retinopathy, and wound healing.
hematopoietic) FGFR1/2 signaling is not required for embryonic development or for maintaining vascular integrity and function under homeostatic physiological conditions, despite the wellestablished role for FGF signaling in ECs for vascular development in vitro.
Results
Endothelial/Hematopoietic FGFR1/2 Is Dispensable for Developmental and Postnatal Angiogenesis. To examine the in vivo cell-autonomous function of EC/hematopoietic FGFR1/2, we conditionally inactivated floxed alleles of Fgfr1 and Fgfr2 using a Flk1-Cre knockin allele (Flk1-Cre) that is haploinsufficient for Vegfr2 (19) and a Tie2-Cre transgenic allele (Tie2-Cre) (20) to generate Fgfr1/2
Flk1-Cre and Fgfr1/2 Tie2-Cre mice, respectively (referred to as double-conditional knockout or DCKO mice). Mice homozygous for floxed Fgfr1/2 alleles (DFF) without Cre and mice heterozygous for Cre (Flk1-Cre +/− or Tie2-Cre +/− ) served as controls. To confirm EC Cre activation during development, we combined Flk1-Cre with the dual-fluorescent reporter allele mT/mG (21) (Cre-mediated replacement of membrane-targeted tomato with membrane-targeted GFP) to generate mice with the genotype Flk1-Cre, mT/mG. Immunofluorescence showed vascular patterns of mT/mG activation in Flk1-Cre limb buds (Fig. 1A, Left) . To determine whether there were any phenotypic consequences of loss of EC FGFR1/2, we compared this pattern with DCKO mice also containing the mT/mG reporter allele (Fig. 1A , Right) and by immunostaining with an anti CD31 antibody (Fig. 1B) . Surprisingly, embryonic development and the embryonic vascular network seemed normal in Flk1-Cre DCKO limb buds compared with DFF and Cre control limb buds. Furthermore, DCKO mice were viable, phenotypically normal, and present in normal Mendelian ratios. Additionally, vascular patterns and density, examined in adult ear skin, lung, kidney, and retina, seemed normal ( Fig.  1C) and had similar vascular densities as determined by immunostaining ECs or labeling the vasculature with FITC dextran (Fig. 1D) . Western blot analysis of other tissues probed with the vascular marker VE-cadherin also showed no difference between DCKO and DFF littermates (Fig. S1A) . Vascular beds in Tie2-cre DCKO adult tissues were also normal (Fig. S1  B-D) . Because we did not observe a phenotype in Flk1-Cre or Tie2-Cre or DFF mice, the remaining studies were performed with DFF mice as controls, except where otherwise noted.
To determine whether EC and hematopoietic Cre-mediated inactivation of Fgfr1/2 was maintained postnatally, FACS adult lung EC (VE-cadherin/CD31-positive) and bone marrow (CD45-positive) cells were analyzed for target gene deletion. Adult lung ECs showed 84% and 87% reduction in Fgfr1 and Fgfr2, respectively ( Fig. 2A and Table S1 ). CD45-positive bone marrow cells showed an 88% reduction of Fgfr1 and almost undetectable Fgfr2, even in control cells ( Taken together, these data suggest that EC and hematopoietic FGFR1/2 signaling is not required for normal vascular and hematopoietic development or homeostasis.
Regulation of Vegfr2 by FGF signaling has been demonstrated in vitro, suggesting interaction between FGF and VEGF signaling pathways in vascular endothelium (15) . However, when Vegfr2 was measured in Flk1-Cre, DFF, and DCKO adult lung ECs no significant changes were observed (Fig. S2A ). To rule out potential effects of Flk1 haploinsufficiency, we also probed lysates from Tie2-Cre targeted mouse tissues (DFF and DCKO) for VEGFR2 expression. Analysis of lung, liver, and back skin . All values are mean ± SD. Lung, kidney, and retina were imaged with a 10× objective and the external ear skin was imaged with a 20× objective. Data were analyzed using the unpaired Student t test. showed similar levels of VEGFR2 (Fig. S2B) . Overall, these data suggest that FGF signaling in ECs does not affect VEGFR2 levels in vivo.
Endothelial/Hematopoietic FGFR1/2 Is Dispensable for Adult Basal Vascular Permeability and Functions. To determine whether cellautonomous loss of EC FGFR1/2 affected vascular permeability, we examined vascular integrity in the retina using FITC-dextranbased angiography and in skin using the Evans Blue (EB)-based Miles assay (24, 25) . Under homeostatic conditions, there was no disruption in vascular permeability in the retina or skin of DCKO and control mice (Fig. 3 A-C) . However, when challenged acutely with mustard oil, a proinflammatory agent, vascular permeability increased three-and fivefold in control and DCKO mouse ear skin, respectively, as measured by EB extravasation ( Fig. 3 B and C) . Notably, mustard oil-stimulated DCKO mouse ear skin showed a modest, but statistically significant (P < 0.04), increase in cutaneous deposition of EB compared with DFF mice. These data suggest that EC FGFR1/2 deficiency/VEGFR2 haploinsufficiency has no effect on normal physiological vascular permeability but may be important for maintaining vascular integrity during acute inflammation.
Hypertension is a common side effect of antiangiogenic therapy and can be attributed in part to diminution of the microvasculature (26, 27) . Although we did not observe any identifiable vascular density or structural abnormalities in several DCKO tissues examined ( Fig. 1 B and C) , we asked whether blood pressure (BP) was altered in DCKO mice as a systemic functional consequence of EC-specific deletion of FGFR1/2. No difference in arterial BP was observed between DCKO and littermate controls (Fig. 3D) , consistent with the observed normal steady-state vascular patterns. Similarly, we found that EC FGFR1/2 inactivation did not alter vascular reactivity, as shown by normal vasoconstriction induced by phenylephrine (PE), endothelium-dependent vasodilation stimulated by increasing concentrations of acetylcholine (ACh) after PE preconstriction, or endothelium-independent vasodilation stimulated by increasing concentrations of the nitric oxide donor sodium nitroprusside (SNP) after PE preconstriction (Fig. 3 E-G) . Because the EC is often the cellular target in many ocular diseases, we also assessed visual acuity in mice lacking EC Fgfr1/2. Biomicroscopic examination of eyes in vivo showed normal retinal vascular morphology (Fig. S3) , and photopic visual acuity testing, as assessed by opto-kinetic tracking analysis (28) , showed normal values of 0.86 ± 0.02 and 0.84 ± 0.02 cycles per degree (n = 5, P > 0.1) for DFF and DCKO mice, respectively. Taken together, these results suggest that BP, vascular reactivity, and visual function as measured by visual acuity testing are not perturbed under homeostatic conditions owing to Vegfr2 haploinsufficiency and loss of EC FGFR1/2.
Impaired Neovascularization and Delayed Wound Healing in Mice
Lacking Endothelial FGFR1/2. FGF signaling is important for wound healing and for limiting scar size following myocardial ischemia (29) (30) (31) (32) . Despite these well-established functions for FGF signaling, its cellular sites of action in complex tissues are poorly defined. To determine whether cell-autonomous loss of EC FGFR1/2 signaling contributes to the neovascularization associated with wound healing, expression of vascular markers was examined 2-3 μm away from the punch biopsy epithelial margin 6 d after wounding. Compared with control DFF and Flk1-Cre or Tie2-Cre mouse skin, DCKO mice showed a significant decrease (∼1.5-to twofold) in microvascular density as demonstrated by reduced pan-EC markers, MECA32 or CD31, or smooth muscle actin-positive vessels at the wound margin (Fig. 4 A-C and Fig. S4 A-C) . We also observed a reduction in total VEGFR2 and CD31 protein levels in DCKO mouse epithelial wound margin (Fig. 4 D-F , compare Flk1-Cre vs. DCKO). In addition to decreased neovascularization at the wound site, Flk1-Cre DCKO mice also showed delayed wound closure at a time point coincidental with decreased neovascular growth (Fig. 4G) . We did not detect a significant difference in the percentage of proliferating endothelial cells between Tie2-Cre, DFF, or DCKO mice at day six following skin wounding (Fig.  S4D) . To identify signaling pathways that are active in the wound healing-associated angiogenic response and potentially impaired consequent to EC/hematopoietic FGFR1/2 disruption, we screened nonwounded and 6-d-postwounded skin with an angiogenesis pathway-focused protein array. Overall, there was an increase in the proangiogenic factors FGF2, VEGFA, and placental growth factor, but not FGF1, at the 6-d time point in DCKO and DFF mice (Fig. S5A) . The similar levels of induction of these proangiogenic factors in DCKO and DFF mice are consistent with an absence of feedback regulation of ligand production by EC and hematopoietic FGF signaling.
Because inflammation is a key component of the wound-healing response, and because Fgfr1 and Fgfr2 were inactivated in both the EC and hematopoietic lineages, we investigated whether loss of FGFR1/2 signaling could affect hematopoietic cell infiltration into wounded tissue. There was no difference in the expression of the macrophage marker F4/80 and pan-hematopoietic cell marker CD45 in control vs. DCKO skin at the 2-and 6-d-postwound time points (Fig. 4 H and I and Fig. S5B ), suggesting that there was no impairment of hematopoietic cell recruitment to the injured tissues. Collectively, these data indicate that the abnormal vascular response and delayed wound closure in DCKO mice is consequent to loss of FGFR1/2 signaling in ECs and not hematopoieticderived cells.
Endothelial FGFR1/2 Is Required for Neovascular Response in Ocular
Injury and Hypoxic Stress-Induced Pathogenic Angiogenesis. To further investigate the role of EC FGFR1/2 in vascular response to injury, we examined vascular response to choroidal injury and retina hypoxia. Laser-induced choroidal neovascularization (CNV) is well described as a proliferative neovascular response to injury to the retinal pigment epithelium and Bruch's membrane underneath the retina and a murine surrogate for the wet form of age-related macular degeneration (33, 34) . Following choroidal injury, DCKO mice showed a marked reduction in CNV compared with control Flk1-Cre or Tie2-Cre and DFF mice, as determined by quantifying FITC-dextran-perfused neovascular complexes overlying the injury site (Fig. 5) . To identify potential ligands critical to the formation of CNV and affected by EC FGFR1/2 disruption, we examined noninjured and injured choroidal tissues (24 h or 7 d after injury) by quantitative RT-PCR. Fgf9 and VegfA were similarly induced in DFF and DCKO mice 24 h after laser injury and Fgf2 and Fgf8 were induced, but to a lesser extent, in DCKO mice (Fig. S6  A-D) . Seven days after laser injury, the levels of Fgf2 and Fgf8 were decreased in both DFF and DCKO mice (Fig. S6 E and F) . These data suggest that induction of some FGF ligands and consequent FGFR1/2 signaling in the EC may play a role in the vascular response to ocular injury.
In Flk1-Cre mice, Vegfr2 levels were reduced in choroidal tissue by about 50%, similar to what was observed in skin. This is attributed to heterozygosity of Vegfr2 in Flk1-Cre knockin mice. Twenty-four hours after laser injury, Vegfr2 levels were significantly (P < 0.05) increased in DCKO mice, but not in DFF mice (Fig.  S7A) . Seven days after laser injury, Vegfr2 levels were proportionally reduced in both DFF and DCKO choroid (Fig. S7B) . Note that even though Vegfr2 levels were reduced by 50% in Flk1-Cre choroid compared with DFF choroid (owing to heterozygosity of Vegfr2), the angiogenic response to injury was unaffected (Fig. 5B) . Collectively, these data show that the CNV response is critically dependent on EC FGFR1/2 and not on the level of Vegfr2.
Next, we examined the vascular response to injury in a mouse model of human retinopathy of prematurity, called oxygeninduced retinopathy, by exposing day-7 neonates to high oxygen showing similar levels in wound-margin tissue from DFF and DCKO mice. A and H were imaged with a 10× objective. *P < 0.05, **P < 0.01, and ***P < 0.001. levels (75% O 2 ) for 5 d followed by normoxia (25% O 2 ) for an additional 5 d. Retinas from hyperoxia-exposed control Flk1-Cre and DFF mice showed avascular zones, vascular reperfusion, and neovascular tufts similar to what has been reported previously ( Fig. S7 C and D) (35) . In hyperoxia-exposed DCKO mice, the central avascular zones were significantly increased and the neovascular response was significantly blunted (Fig. S7 C and D , asterisks in C). Taken together, these results suggest that EC or hematopoietic FGFR1/2 signaling is required for the ocular response to hypoxic stress-induced neovascularization.
Discussion
Determination of the functional and in vivo requirement of FGF signaling in the vasculature may provide insight into opportunities for targeted cell-specific therapeutic interventions, given the systemic toxicity associated with global FGFR inhibition (36) (37) (38) (39) and potential risks associated with global FGFR activation. Because the EC is often a therapeutic target, it is essential to know whether EC FGF signaling is directly required during development, tissue homeostasis, and response to injury. Using a loss-of-function genetic model, we discovered that endothelial and hematopoietic FGFRs 1 and 2 (in addition to Vegfr2 happloinsufficiency) are dispensable for homeostasis and basal vessel permeability and likely are dispensable for embryonic development. However, when subjected to either skin or eye injury, or ischemia-induced pathologic angiogenesis, mice lacking EC FGFR1/2 display a significant reduction in neovascular growth and tissue repair.
It is well appreciated that serious vascular alterations associated with many antiangiogenic therapies limit their optimal benefits, including those that target the FGF pathway (8, 37, (40) (41) (42) . Many of these adverse, unintended, or "off-target" effects on normal vascular physiology include increased permeability, hypertension, thrombosis, proteinuria, and ocular toxicity (retinal detachment and retina vein occlusion). Recent studies suggest that FGF signaling is a key positive regulator of basal EC barrier functions (43, 44) but did not determine whether FGF signaling is required in ECs vs. another vascular cell type. Additionally, it cannot be ruled out that the adenoviral-based soluble FGFR trap might have affected non-FGF pathways. To this end, we created a genetic mouse model in which FGFR1/2 were specifically deleted in ECs. In contrast to the results published by Murakami et al. (43) and Murakami and Sakurai (44) , mice lacking EC FGFR1/2 actually maintained normal basal barrier functions in the skin and retinal vascular beds, even on a sensitized (Vegfr2 haploinsufficient) genetic background. Explanations for these differences include effects of acute (43, 44) vs. chronic (this study) pathway inhibition, and the targeting of multiple vascular cell types (43, 44) vs. only EC and hematopoietic cells (this study). Additionally, Fgfr1/2 gene inactivation could be incomplete or could be compensated for by increased expression of FGFR3 or FGFR4, which could explain in part the lack of a developmental phenotype. Quantitative RT-PCR demonstrated expression of Fgfr3 (but not Fgfr4) in lung ECs but did not detect significant changes in the expression of these genes in ECs isolated from DFF and DCKO adult lung. Notably, and in agreement with previous findings (43, 44) , we observed a modest, but statistically significant, increase in vascular permeability in response to an acute inflammatory stimulus, suggesting a nonhomeostatic role for EC FGF signaling in the maintenance of vascular barrier function. However, other vascular functions, including BP and vascular reactivity, were not dependent on EC and hematopoietic cell FGFR1/2 signaling.
The contribution of FGF signaling in response to tissue injury is well established; however, most studies have focused on the role of EC and stromal FGF signaling in tissue repair (31, (45) (46) (47) . Whether the vascular response to injury in vivo requires a direct FGF signal remains poorly understood. Using different mouse models of cutaneous and ocular injury we showed that EC FGFR1/2 signaling is indeed required for neovascular growth in tissue injury and repair. These observations are consistent with studies by Murakami et al. (15) , in which they showed that induction of a dominant negative FGFR1 in ECs resulted in an impaired arteriogenic response and an associated reduction in Vegfr2 expression in a hind-limb ischemia model. In contrast, we find that the impaired angiogenic response to wounding is directly dependent on endothelial FGFR1/2.
Recent studies by Zhao et al. (22) have shown that FGFR1 signaling is required for hematopoietic stem and progenitor cell (HSPC) engraftment following secondary adoptive transfer, but not for developmental or homeostatic hematopoiesis. Furthermore, Zhao et al. (22) showed that HSPC mobilization was impaired in mice lacking FGFR1 in the hematopoietic lineage suggesting impaired migration. The Flk1-Cre and Tie2-Cre deleter alleles used in the current study, which are known to target the hematopoietic lineage (19, 48) , allowed us to test the requirement for hematopoietic cell FGFR1/2 signaling during development, homeostasis, and response to injury. Consistent with Zhao et al. (22) , we found that inactivation of FGFR1/2 signaling in the hematopoietic lineage does not adversely affect hematopoietic development or homeostasis under normal physiological conditions. We also observed that leukocyte infiltration in DCKO and DFF mice was similar following cutaneous wounding. Although we did not examine specifically whether HSPCs display mobilization defects, we suggest that FGF signaling is not required for hematopoietic cell recruitment to injured tissue.
In summary, we show that targeted inhibition of EC and hematopoietic cell FGFR1/2 signaling is compatible with normal embryonic development and normal vascular homeostasis and function. We also established an essential role for cell-autonomous EC FGFR signaling in injury response, tissue repair, and pathologic neovascular growth. This role for EC FGFR signaling in vivo highlights it as a viable therapeutic target for treating diseases associated with wound healing, tissue repair, and aberrant angiogenesis. The observation that EC and hematopoietic lineage are not affected by loss of FGFR1/2 signaling suggests that antiangiogenic therapy could be designed to target FGFR signaling in the ECs in tissues undergoing pathological angiogenesis without significant off-target effects on nondiseased tissue.
Materials and Methods
Animals. Detailed information about animal generation is provided in SI Materials and Methods. The Washington University in St. Louis Animal Studies Committee approved all animal care and experimental procedures. Time-mated embryos were fixed in 4% (wt/vol) paraformaldehyde overnight at 4°C, then tissues were dehydrated in a methanol series, incubated in methanol/hydrogen peroxide, rehydrated, and blocked in PBST [5% (vol/vol) goat serum/PBS and 0.1% Triton X-100]. Additional information about whole-mount immunostaining and imaging can be found in SI Materials and Methods. Detailed methods on endothelial and hematopoietic cell sorting, Evans Blue assay, mean arterial pressure measurement, photopic visual acuity assessment, vascular reactivity assay, visualization of retinal vasculature, and wound-healing assays are provided in SI Materials and Methods. In addition, detailed information on tissue preparation, immunostaining, fluorescence microscopy methods, microvascular density quantification, immunoblotting, angiogenesis antibody array analysis, laser-induced CNV assay, oxygeninduced retinopathy, and quantification of vascular area with gene expression analysis can also be found in SI Materials and Methods.
Statistical Analysis. The data are reported as the mean ± SD and changes with P values less than 0.05 (*), 0.01 (**), 0.001 (***), or 0.0001 (****) were considered to be statistically significantly. Data were analyzed by using the unpaired Student t test (GraphPad Prism 5). Numbers of mice used per group per experiment are stated in the figure legends. 
